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Abstract 
A Blade-Element Momentum (BEM) based software was used to design a 300 kW, variable speed 
Horizontal Axis Wind Turbine (HAWT).  Chord lengths, blade twist angles and rotational speeds were 
allowed to change independently so as to achieve a maximum energy output, while design constraints 
were also being met. Computational Fluid Dynamic (CFD) was use to validated the BEM calculation. 
According to low wind area, the rated wind speed was set quite low at 10 m/s. The optimal design of 
wind turbine reaches 50.5% efficiency at the design tip speed ratio of 7.5. The wind turbine can maintain 
50.5% efficiency level over wind speeds range of 4-9 m/s by changing the rotating speeds from 16-36 
RPM. Beyond the rated wind speed, the turbine can regulate its power by changing the rotating speed to 
decrease its efficiency and maintain the power output at 300 kW. Results from CFD agree well with the 
BEM calculation. It verifies that the optimum designed blade from the BEM was reliable. 
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1. Introduction 
The most important variable for optimum wind turbine is the cost of energy (COE). [1-3] 
 
COE = C/AEP        (1) 
 
where C is the total cost of wind turbine, AEP is the annual energy production. The best turbine is the one 
with the lowest C and the highest AEP.   
The blade element momentum theory (BEM) has been widely used as a tool for the design of wind 
turbine blade [1-6]. An existing airfoil shape with known chord and twist can be input to BEM to 
calculate the efficiency. On the other hand, if we set chord and twist as unknown variables, we can search 
for optimum efficiency. 
Wind turbine rotors develop their peak efficiency at one particular tip speed ratio. Energy capture can 
clearly be increased by varying the rotational speed in proportion to the wind speed so that the turbine is 
always running at optimum tip speed ratio [7]. 
There are different ways to limit the power in very high winds to protect wind turbine from the 
damage. There are fixed-speed fixed-pitch (stall controlled), fixed-speed variable-pitch, variable-speed 
fixed-pitch and variable-speed variable-pitch. In this study we will concentrate on variable-speed fixed-
pitch control. The variable-speed operation increases the energy capture at low wind speeds. Therefore, at 
high wind speed, power is regulated by stall control with decreased rotational speeds to increase the angle 
of attacks.  
Thumthae and Chitsomboon [8] studied about appropriate size of generator that matched the size of 
wind turbine for a low wind regime. They found that lowering the turbine rating could make an 
investment profitable in a wind regime with low speed of 5 m/s and Weibull’s k = 1.7. For example, wind 
turbine with 70 meter diameter is normally rated at 3.2 MW corresponded to the rated wind speed at 14 
m/s. This was found to be too large for Thailand’s wind because of the initial cost of wind turbine is very 
high due to large generator. If the 70 meter wind turbine is rating at 1.15 MW corresponded to the rated 
wind speed at 10 m/s, the cost of energy (Equation 1) will be minimized for the average wind speed of 5 
m/s.    
This paper focuses on a design of 300 kW wind turbine for low wind area such as Thailand. Below the 
rated wind speed, the available power is lower than rated power. To extract all the available power, 
turbine blade should be designed to achieve optimal efficiency. It can be done by applying a search 
algorithm of the BEM method to find the optimum blade shapes. Moreover, the BEM is used to find 
appropriate rotational speed that can remain the optimum tip speed ratio. Beyond the rated wind speed, 
wind turbine should limit energy production in order to protect structure and generator. The BEM method 
is also used for searching the appropriate rotational speed which can maintain the power of wind turbine 
at rated power level. 
2. Methodology 
2.1. Blade Element Momentum Theory and SuWiT  
The basic equations of BEM comprise 3 equations and 3 unknowns [7, 9]; they are local flow angle 
( ), axial induction factor ( a ) and angular induction factor ( a ) 
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where 0U  is the free stream wind velocity, r  is the radius of the blade section, r is the local speed ratio 
( 0/Urr  ), N  is the number of blade, c  is the chord length and   is the  rotating speed of turbine. 
LC  and DC  are lift and drag coefficients which depend on angle of attack (   ), where   is the 
blade twist angle. 
Under given parameters ( N , c ,   , 0U  and   ) , these equations can be solved for , a  and a  and 
the efficiency can be calculated afterward. For a typical blade optimization problem, the parameters c and 
  are set as free parameters to search for the highest efficiency. 
Because BEM is an ideal theory with 2 dimensional formulations, it has been typically corrected with 
various measures: tip loss, stall delay, induction-factor correction, and 3 dimensional effects [9]. The 
efficiency or power coefficient can be calculated by 
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where F is the tip loss factor, R is the  blade radius, H is the hub radius, and  local solidity rNc  2/ .  
SuWiT (Suranaree Wind Turbine) [4] is a BEM-based computer code written in MATLAB. SuWiT 
has been continuously improved and validated with many experimental data to ensure its accuracy [5]; 
moreover, it was used as a tool to improve an existing wind turbine’s blade [6]. Recently, a new propose 
of stall delay model was implemented in SuWiT for a better prediction of load on a wind turbine blade 
[10].   Fig 1. shows SuWiT predictive capability in comparison with experiment and other codes.  
In this work, SuWiT was used to design a new 300 kW variable-speed wind turbine which is a medium 
size turbine deemed appropriate for Thailand’s current technology. Blade profiles were searched for a 
maximum efficiency. Three-blade turbine was arbitrarily selected and the rated wind speed was set at 10 
m/s; this is suitable for an average wind speed of about 5 m/s with Weibull shape parameter k=1.7 [8]. 
NACA 64-XXX airfoil is selected for this design because of its good characteristic for wind turbine such 
as LM-61.5 and MOD-5A [11] 
2.2. Computational Fluid Dynamics  
The optimum blade designed from BEM method is verified by computational fluid dynamics (CFD). A 
commercial CFD code ‘FLUENT’ was used. The used algorithm was SIMPLE with the convection terms 
estimated by QUICK scheme. Fig 2(a) show the computational mesh which is an O-type with 250 points 
along airfoil surfaces. The first cell at any surface point was sized, whereas grids away from it were 
expanded at a rate less than 20%. The height of the cell near the wall corresponds to y+ value of less than 
1. The computational grid is shown in Fig. 2(b). Only one blade domain was used instead of the full three 
blades because of symmetry. The domain extends to about 6 times of rotor radius for reduce influent of 
boundary conditions.  The Navier–Stokes equations with rotating reference frame formulation are used to 
simulate the rotating wind turbine under steady state condition. Turbulence was modelled by k-  SST 
with a new wall damping function (k-  SST+) [12], which improved performance of stall prediction.  
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3. Results 
Given a solidity and twist angles, the efficiency of a wind turbine varies with tip speed ratio (TSR); 
however, the maximum tip speed should not over 80 m/s because of noise [7]. In this study, the design 
TSR was set at 7.5, blade radius was 18m, and the corresponding rotational speed was 36 RPM. 
To search for optimal blade profiles, a new subroutine for “exhaustive search” was implemented in 
SuWiT. The blade was divided into 20 spanwise sections and searched for optimum chord and twist that 
gave maximum power output in each section. Representative results at 30%, 50% 80% and 90% spans are 
shown as power coefficient contours in Figs. 3 (a) to (d), respectively. The results show the maximum 
power coefficient over 54% at inboard sections (30%-80% span). At blade tip (90% span), the power 
coefficient is only 48%. The local power coefficient along the span are shown in Fig.4. The overall power 
coefficient from integrate power along the blade is 50.5%. The optimum chords and twists along span are 
also shown in Fig. 4. The blade profile show the optimum taper and twist distribution. The maximum 
chord and twist occur at 18% span. The rapid dips in chords near tip and hub are due to the associated 
loss models. 
 
 
 
(a) Lift Coefficient at 30% span (b) Rotor torque 
  
Fig. 1. Validation of SuWiT compared to NREL Phase VI experiments. 
 
 
 
(a) Mesh around the blade section (b) Computational Domain 
 
Fig. 2. Computational Mesh 
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(a) Local power coefficient at 30% span (b) Local power coefficient at 50% span 
  
(c) Local power coefficient at 80% span (d) Local power coefficient at 90% span 
 
Fig. 3. Local power coefficient of various blade spans 
 
 
 
 
 
 
 
(a) Optimal chord and twist distribution (b) 3D-CAD prototype 
 
Fig. 4. Optimal wind turbine blade 
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Fig. 5 show variable speed characteristics calculated from BEM. The appropriate rotational speeds, 
which are shown in solid line, vary from 18 to 36 RPMs. Two distinct regimes can be noted; the high 
performance region and the power regulated region. The high performance region starts form a cut-in 
wind speed to the rated wind speed (10 m/s). The wind turbine efficiency should maximize as much as 
possible. In this work, the TSR remains constant around the design value of 7.5 by increasing the 
rotational speed related to the wind speed. Therefore, wind turbine efficiency can retain 50.5% from wind 
speed 4 m/s to 9 m/s. The power regulated region starts form the rated wind speed to the cut-out wind 
speed. The wind turbine power is limited at the rated generator power; this is achieved by decreasing the 
rotational speeds. At high wind speed, the decreasing of rotational speed increases the angle of attack to 
stall angle. Hence the power is regulated by the stall. 
 
Fig. 6 shows the calculated rotor power from BEM compared with the CFD results. The results show 
very good agreement between BEM and CFD results. It verified that the optimum wind turbine blade 
from BEM method is quite reliable. 
 
 
  
Fig. 5. Variable speed characteristics Fig. 6. Compare calculated power from BEM with CFD 
 
4. Conclusions 
The BEM based “SuWiT” software was extended to include a new search subroutine to design an 
optimal wind turbine blade profiles which was rated at 300 kW for a rated wind speed of 10 m/s. The 
optimum wind turbine blade reaches 50.5% of power coefficient. Moreover; it can retain the maximum 
efficiency from the wind speed of 4 m/s to 9 m/s with corresponding rotational speed of 18-36 RPM. The 
computation rotor powers from CFD agree well with BEM calculation. It verifies that the optimum 
designed blade was reliable. 
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